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Abstract: Three-dimensional (3D) structured illumination microscopy (SIM) improves spatial
resolution by a factor of two in both lateral and axial directions. However, the adoption of
3D SIM is limited by low imaging speed, susceptibility to out-of-focus light, and likelihood
of reconstruction errors. Here we present a novel approach for 3D SIM using a spinning disk.
The disk generates a 3D lattice illumination pattern on the sample and optically reconstructs
super-resolved images in real time. This technique achieves a 2-times resolution improvement
with a speed up to 100 frames per second while physically rejecting 90% of the background
signal.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The spatial resolution in conventional light microscopy is limited to approximately 250 nm
laterally and 750 nm axially because of diffraction. This limitation hinders direct observation of
subcellular structures, impeding the study of biological phenomena. In recent decades, various
efforts have been made to enhance the resolution beyond the diffraction limit [1–5]. Among
these methods, structured illumination microscopy (SIM) [1,3] has emerged as the most suitable
method for high-speed super-resolution imaging, because it offers a relatively high imaging speed
and low phototoxicity in comparison to other super-resolution imaging techniques.

Despite three-dimensional (3D) SIM’s superior resolution in both lateral and axial directions [6],
it has several limitations. While conventional two-dimensional (2D) SIM requires 9 diffraction-
limited images to digitally reconstruct one super-resolved image, 3D SIM requires at least 15
images [6], which limits the imaging speed and makes it sensitive to sample motion. Additionally,
conventional 3D SIM uses wild-field illumination patterns created by 3-beam interference. It
has significant out-of-focus signals, making it difficult to extract the high-frequency components
required for improving the resolution. It is particularly problematic to image thick samples when
the out-of-focus signals overwhelm the in-focus signals [6,7]. Furthermore, 3D SIM images are
prone to reconstruction artifacts because it has less tolerance for the distortion of the illumination
patterns. However, distortion is often inevitable because of aberration and refractive index
mismatch.

In this paper, we present a novel approach for 3D SIM that utilizes a spinning disk to overcome
these limitations. The disk, fabricated by photolithography, creates a 3D lattice illumination
pattern, and optically reconstructs the super-resolved images in real-time. It substantially increases
the imaging speed up to 100 Hz, physically rejects 90% of background signals, and circumvents
the complexities associated with digital reconstruction. Our approach is straightforward and
can be incorporated into most existing epi-fluorescence microscopes. The performance of the
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spinning-disk 3D SIM is validated by imaging fluorescent beads and rat cardiac myocytes with a
thickness of ∼ 12 µm.

2. Theory

In conventional fluorescence microscopy, the fluorescent emission e(r) is blurred by the point
spread function (PSF) h(r) and produces the final image i(r). The bandwidth of the final image in
the spatial frequency domain is limited by the optical transfer function (OTF) H(k)

I(k) = E(k) × H(k) (1)

The capital letters indicate the Fourier transform of their corresponding functions in the real
space. SIM optically modulates the sample frequencies by exciting the sample fluorophore
distribution s(r) with a patterned illumination j(r)

I(k) = [S(k) ⊗ J(k)] × H(k) (2)

where S(k) ⊗ J(k) = E(k), and ⊗ indicates convolution. J(k) downshifts the sample frequencies
in S(k) that used to be beyond the cut-off frequency |kcut−off | of H(k) into the support of H(k). In
the post-processing, the frequency demodulation is accomplished by digitally identifying these
frequency components and upshifting them to their original positions.

Previous work by Hayashi et al. shows that SIM images can be optically demodulated by
passing the patterned emission through the same spinning disk that creates the illumination
pattern j(r) [8]. However, the resolution improvement of Hayashi’s work is limited to 2D. Here we
show that 3D resolution enhancement can be obtained. To simplify the mathematical derivation,
the magnification of the imaging system is neglected.

For fluorophore excitation, the disk, which is denoted by disk(r), creates its diffraction-limited
projection on the sample as an illumination pattern j(r). Therefore, in the frequency space, J(k)
is the collection of the low frequency components in Disk(k)

Disk(k) = J(k) + Diskhigh(k) (3)

where Diskhigh(k) represents the high frequency components in Disk(k) that is beyond |kcut−off |.
r and k are 3D vectors. Equation (3) applies only when the disk is an amplitude grating, not a
phase grating.

The fluorescent emission e(r) is then collected by the objective lens and transmits through the
disk before reaching the camera. Because the disk is an amplitude grating, the disk function
disk(r) remains the same for both the coherent illumination and the incoherent fluorescence
emission. When the disk is stationary, the Fourier transform of the detected image is(r) follows

Is(k) = {[S(k) ⊗ J(k)] × H(k)} ⊗ Disk(k)
= {[S(k) ⊗ J(k)] × H(k)} ⊗ [J(k) + Diskhigh(k)]

(4)

When the disk spins, the final image detected by the camera is a time average of the stationary
images at different positions r. Assuming that the disk conducts a spatially uniform scan across
the specimen, the Fourier transform of the final image if (r) detected by the camera is the integral
of Is(k) over r:

If (k) =
∫

Is(k) dr (5)
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The translational property of the Fourier transform asserts that: for any give shift r0,
T(k) = exp(i2πr0 · k)G(k) if t(r) = g(r − r0). Therefore, Eq. (5) can be expanded to

If (k) =
∫

Is(k)dr

=

∫
{[S(k) ⊗ (exp(i2πr · k)J(k))] × H(k)} ⊗ [exp(i2πr · k)J(k)]dr+∫

{[S(k) ⊗ (exp(i2πr · k)J(k))] × H(k)} ⊗ [exp(i2πr · k)Diskhigh(k)] dr

(6)

Because the integral of the complex exponential function is zero (
∫

exp(ir)dr = 0), the integral
of

∫
exp(ir · k)g(k)dr always equals to zero. The first integral in Eq. (6) produces non-zero results

only when the two complex exponential terms inside the equation cancel with each other. To
find the condition for the non-zero requirement, we need an explicit expression of J(k). Because
the illumination pattern j(r) is a real function, its Fourier transform J(k) is an even function.
Therefore, for a given value of k, J(k) and J(−k) have equal amplitudes and inverse phases.
Consequently, J(k) can be described as

J(k) =
∑︂

p
apexp(−i2πkp · r0)δ(k − kp)

= a0δ(k)+
= a1exp(−i2πk1 · r0)δ(k − k1) + a−1exp(−i2πk−1 · r0)δ(k − k−1)+

= a2exp(−i2πk2 · r0)δ(k − k2) + a−2exp(−i2πk−2 · r0)δ(k − k−2) + · · ·

(7)

where r0 is the initial position of the disk before spinning, p are integers, ap = a−p, −kp = k−p. ap
are constant coefficients determined by the size of the openings on the disk. kp, located in the 3D
frequency space, are determined by the period of the openings on the disk [9]. The delta functions
in Eq. (7) shifts the sample frequencies S(k) by convolution, while the complex exponential
terms modulate the phase. The only condition for the first integral in Eq. (6) to be non-zero
is that the amount of the phase change shifted by the first exp(i2π(r − r0) · k) happens to be
cancelled by the second exponential term, i.e., exp(i2π(r − r0) · kp) × exp(i2π(r − r0) · k−p) = 0.
Under this condition, the frequency shifts in S(k) introduced by the first J(k) in the first integral
in Eq. (6) is recovered by their opposite delta functions in the second J(k) in an analog way:
[S(k) ⊗ δ(k − kp)] ⊗ δ(k − k−p) = S(k). Therefore, the first integral in Eq. (6) is simplified as

S(k)
∑︂

p
a2

pH(k − kp) (8)

To fulfill the same non-zero requirement, complex exponential terms in the second integral of
Eq. (6) also need to cancel. However, the frequency components in Diskhigh(k) have amplitudes
higher than |kcut−off |, while the amplitudes of frequency components in J(k) are smaller than
|kcut−off |. Consequently, there is no k−p in the second exponential term to cancel the phase change
induced by the kp in the first exponential term. Therefore, the second integral in Eq. (6) is zero,
and Eq. (6) produces

If (k) =
∫

Is(k)dr = S(k)
∑︂

p
a2

pH(k − kp) = S(k)Hsim(k) (9)

where Hsim(k) is the optical transfer function of the spinning-disk structured illumination
microscope.

Compared to the wide-field OTF H(k), the support of the OTF Hsim(k) is expanded by the
frequency components kp in the illumination pattern J(k). When j(r) has intensity variation in
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both lateral and axial directions, its frequency components kp occupy regions in the 3D frequency
space, thus it enhances spatial resolution in 3D. Additionally, when components of kp shift the
H(k) with a lateral distance less than |kcut−off |, the shifted OTF fills the missing-cone region
axially, and enables optical sectioning capability [6]. In the formation of the final image, kp spin
around the kz axis in the frequency domain as the disk spins. Therefore, deriving an analytical
expression for the effective OTF Hsim(k) is difficult. In this study, the OTF of the spinning-disk
3D SIM is simulated numerically in section 4.2.

In the above derivation, prior knowledge of the disk’s pattern is not required, meaning that
any amplitude grating can be employed, irrespective of its pattern. However, to achieve optimal
resolution enhancement and optical sectioning capability, the disk is chosen to have a period d
close to 2/|kcut−off |.

3. Method

3.1. Optical setup

Figure 1 shows the diagram of the optical setup. A 488 nm laser (Coherent, Sapphire 488) is used
for excitation. The laser beam (blue) is circularly polarized by a quarter wave plate (Thorlabs,
WPQ10M-488) to achieve a higher illumination contrast [10]. After being expanded by a convex
lens (f= 50 mm) and a relay lens RL1 (Thorlabs, TTL200, f= 200 mm), the collimated laser
beam passes through the spinning disk. The disk employed in this study is an amplitude grating.
The period of the grating is around 84 µm, allowing the 0th-order and four 1st-order diffraction
beams to be focused by the tube lens TL (Thorlabs, TL300-A, f= 300 mm) and enter the back
pupil of the objective lens (Olympus, UPLSAPO100XS, NA= 1.35). The image of the incident
laser beams at the back pupil is shown in Figure S1. The objective lens illuminates the sample
with the interference pattern produced by these 5 laser beams. In the detection pathway, the
emission (green in Fig. 1) is collected by the objective lens and focused on the disk by the TL.
This system has a magnification of 167 times. The disk optically reconstructs the super-resolved
images when spinning. The image on the spinning disk is then relayed by the lens pair RL1 and
RL2 (Thorlabs, TTL200, f= 200 mm) to the camera (Hamamatsu, C13440-22CU) after passing
through a dichroic mirror (Omega, 555DRLP) and a filter (Semrock, FF03-525/50), with a field
of view of ∼ 80 µm× 80 µm. The camera has a frame rate up to 100 Hz. The disk is mounted
on a brushless DC motor, which rotates up to 7200 rpm. As one super-resolved image can be
reconstructed each time the disk completes one rotation, the imaging speed of this system is
limited by the speed of the camera, i.e., 100 Hz.

3.2. Design and fabrication of the spinning disk

The design of the disk is demonstrated in Fig. 2(a). An aluminum layer (thickness ∼ 120 nm)
with an array of pinholes is deposited on an optically-flat fused silica substrate (University Wafer,
JGS2) by photolithography. The pinholes have a diameter (w) of 28 µm and a period (d) of 84
µm. The pinholes on the disk are partitioned into 8 sectors with offsets. The pinholes within each
sector are displaced collectively along their central radial directions. The offsets are as follows:
19.5 µm, 216.1 µm, 27.2 µm, 51.4 µm, 4.8 µm, 26.5 µm, 221.0 µm, and 58.8 µm. The offsets
across various sectors ensure that the sample is uniformly scanned as the disk spins. Without
these offsets, the pinholes are not uniformly distributed along the radial direction, resulting in
fringes in the images. To achieve an uniform scan, the conventional solution is to rearrange the
pinholes along Archimedean spirals, known as the Nipkow disk [11]. However, this approach
compromises resolution improvement in SIM. Compared to an unpartitioned pinhole array, our
simulation shows that the 8-sector design with the radial offsets increases the scanning uniformity
from 72.7% to 94.4% (Fig. 2(c)). Moreover, this design exhibits a high degree of tolerance for
the disk off-centering. Off-centering occurs when the disk’s center does not precisely align with
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Fig. 1. Diagram of the optical setup. TL: tube lens. RL: relay lens. DM: dichroic mirror.
QWP: quarter wave plate. Blue: excitation laser. Green: fluorophore emission. Inset: the
excitation laser beam is diffracted to 5 beams at the objective lens back pupil. The numbers
represent the relative intensities of these 5 beams.

the motor’s spin axis. This design ensures that the scanning uniformity remains approximately
94.4% in the presence of the misalignment.

The disk opening ratio (w/d) is chosen to be 28µm/84µm = 33%. An image of the fabricated
disk is shown in Fig. 2(b). At this ratio, 90% of the disk is covered by the opaque aluminum
layer. Consequently, the disk physically rejects 90% of the out-of-focus signals, achieving a
better contrast compared to the conventional 3D SIM. A smaller opening ratio can further reduce
the out-of-focus signals but will decrease the signal-to-noise ratio SNR. 33% is chosen to be a
good balance between background rejection and signal-to-noise ratio [8].

3.3. Preparation of the rat cardiac myocytes

Ventricular myocytes were isolated from the hearts of adult-male Wistar rats weighing between
200 and 250 g. Techniques for acquiring myocytes and for fixation and permeabilization have
been published [12]. To identify the position of the type II ryanodine receptor (RyR2) in the
fixed myocytes we used a mouse monoclonal antibody C3-33 (R-128 Sigma-Aldrich) and a goat
anti-mouse secondary antibody conjugated to Alexa 488 (Invitrogen, Burlington, Canada). The
secondary antibody was affinity purified and highly cross-adsorbed to minimize cross-reaction.
Briefly, cells were fixed with 2% paraformaldehyde for 10 min, then quenched in 100 mM glycine
and washed with PBS (3× 10 min). They were then permeabilized with 0.1% Triton for 10 min,
and washed with PBS (3× 10 min). Before the application of the primary antibody, the cells were
incubated for 30 minutes at room temperature (RT) with Image-IT FX Signal Enhancer (I36933;
Life Technologies) to neutralize the surface charge, washed briefly in PBS and then incubated for
1 hour at RT in BlockAid blocking solution (B10710; Life Technologies). The primary antibody
was diluted in BlockAid before being applied to the cells (overnight at 4°C). Cells were then
washed in PBS (3× 10 min) and incubated at RT for 60 minutes with goat anti-mouse Alexa 488
and washed in PBS (3× 10 min).
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Fig. 2. Design of the spinning disk. (a) The disk with a diameter of 10 cm contains a 2D
pinhole array. The pinholes on the disk are partitioned into 8 sectors with offsets in the radial
direction (not depicted to scale for illustration purposes). (b) Image of the fabricated disk.
The image shows a boundary of two sectors indicated by the red dashed box in (a). The
pinhole array has a period of 84 µm and a diameter of 28 µm. (c) Comparison of the scanning
uniformity between the pinhole array without offsets (blue) and one being partitioned to
8 sectors (red). The uniformity is defined by Imin/Imax. The 8-sector design increases the
uniformity from 72.7% to 94.4%. For better visual effect, only the cross-section ranging
from 3.50 cm to 3.60 cm along the radial direction is shown. The average intensities are
normalized to 1.

4. Results

4.1. Simulation of the 3D structured illumination patterns

The disk generates a 3D lattice illumination on the sample through the interference of 5 laser
beams. After passing through the disk, the excitation laser beam is diffracted into one 0th-order
and four 1st-order beams that enter the back pupil of the objective lens (Fig. 1 inset). In the 3D
spatial frequency domain, the 0th-order beam possesses a distinct axial frequency compared to
the 1st-order beams, as in Fig. 3(a) [13]. Consequently, they produce structured illumination
patterns in both lateral and axial directions. The Fourier transform of the illumination pattern
is the autocorrelation of the 5 beams, which exhibits 17 delta functions in the frequency space
(Fig. 3(b)). These delta functions shift the object spectrum to 17 different positions, allowing
the frequencies that are beyond the diffraction limit of the conventional OTF to be captured.
With a disk period d of 84 µm (Fig. 2(b)) and a magnification of 167 times, the 3D lattice
illumination generated in the focal volume has a lateral period lxy = 500 nm (Fig. 3(c)) and axial
period lz = 1072 nm (Fig. 3(d)). The lattice illumination patterns were simulated using vectorial
diffraction theory [14,15]. With circular polarization, the lattice illumination achieves a contrast
of ∼ 88%.
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Fig. 3. Generation of the 3D lattice illumination. (a) Distribution of 5 coherent beams in
the 3D frequency space. θ is the half-angle subtended by the four 1st-order beams with
respect to the optical axis. For the disk with d = 84 µm, θ = 50◦. n is the refraction index. λ
is the excitation wavelength. (b) Autocorrelation of the 5 beams in (a), which is the Fourier
transform of the illumination pattern. The resulting 17 delta functions expand the OTF both
laterally and axially. (c) The cross-section of the illumination pattern in the x − y plane.
(d) The axial cross-section of the illumination pattern along the black dashed line in (c).
The illumination resembles a 3D lattice with a lateral period lxy = 500 nm and axial period
lz = 1072 nm. The lattice has a contrast of ∼ 88%. Scale bar in (c) and (d): 200 nm.

4.2. Simulation of the expanded OTF

Figure 4 compares the OTFs of the spinning-disk 3D SIM (Fig. 4(a)) and the wide-field microscopy
(Fig. 4(b)). Spinning-disk 3D SIM expands its OTF to 17 distinct directions using the lattice
illumination (Fig. 3(b)). As the disk spins, the OTF of the spinning-disk 3D SIM becomes
symmetric along the kz axis. To demonstrate the OTF intensity, Fig. 4 shows the cross-sections of
the simulated OTFs along the ky − kz plane when kx = 0. The spinning-disk 3D SIM demonstrates
a two-fold OTF expansion in all directions and filling of the missing cone. Therefore, this method
achieves both resolution doubling and optical sectioning. Because the OTF of the spinning-disk
3D SIM has relatively low intensities in the high-frequency region, the detected images are
Wiener filtered [16] to enhance the details and the contrast.

4.3. Images of the fluorescent beads

Figure 5 compares the resolution of wide-field microscopy and the spinning-disk 3D SIM using
fluorescent beads (Thermo Fisher Scientific, F8803, diameter 100 nm). A solution of the beads
was drop-casted on the coverslip. In the lateral direction, the spinning-disk 3D SIM (Fig. 5(a))
resolves beads that appear as indistinguishable clusters in the wide-field microscopy (Fig. 5(b)).
In the axial direction, the spinning-disk 3D SIM (Fig. 5(c)) images the beads with a smaller size
than that seen by the wide-field microscopy (Fig. 5(d)). The resolution of the spinning-disk 3D
SIM is determined by fitting the intensity distribution of beads using a 3D Gaussian function.
The fitted full width at half maximum of the beads is reduced from 261 nm ± 11 nm to 129 nm ±

3 nm in the lateral direction, and from 771 nm ± 47 nm to 388 nm ± 13 nm in the axial direction.
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Fig. 4. Comparison of the OTFs of spinning-disk 3D SIM (a) and wide-field microscopy
(b). Their intensities are plotted using a logarithmic scale. The spinning-disk 3D SIM
expands the wide-field OTF by 2 times in all directions and fills the mission cone.

A further validation of the resolution improvement using image decorrelation analysis [17] can
be found in Figure S2. The experimental OTFs are provided in Figure S3.

Fig. 5. Images of fluorescent beads obtained using spinning-disk 3D SIM (a and c, wiener
filtered) and wide-field microscopy (b and d, raw data). All four images share the same scale
bar and have their intensities normalized to one.

4.4. Images of a rat cardiac cell

To illustrate the optical sectioning capability of this method, we imaged the ryanodine receptors
in a rat cardiac myocyte with a thickness of around 12 µm. A typical rat cardiac myocyte
has a thickness in the range of 10-20 µm, resulting in a strong out-of-focus background in
wide-field microscopy (Fig. 6(a) and 6(b)). In conventional 3D SIM, such strong background can
obscure the illumination modulation and overwhelm the high-frequency signals, decreasing the
spatial resolution [6,7]. In contrast, the spinning-disk 3D SIM produces an image with a much
lower background (Fig. 6(c) and 6(d)) by physically rejecting 90% of the out-of-focus signal.
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Figure 6(c) and 6(d) show the axial cross-sections along the dashed lines in Fig. 6(a) and 6(b),
respectively. The improved resolution and lowered background allow the spinning-disk 3D SIM
to identify nearby clusters of the ryanodine receptors that are indistinguishable in conventional
microscopy. Figure 6(e) shows the zoom-in areas labelled in Fig. 6(a-d). Significantly more
details are visible with the spinning-disk 3D SIM. A video showing 3D cell images is given in
the Supplementary Material (Visualization 1). The doubling of the spatial resolution is validated
by image decorrelation analysis (Figure S4).

Fig. 6. Fluorescence images of ryanodine receptors in a rat cardiac myocyte at the depth of
6 µm. The cell has a total thickness of around 12 µm. (a-b) Wide-field images of the sample.
(c-d) Spinning-disk 3D SIM images of the sample. The axial slices in (b) and (d) are cross
sections along the yellow dashed line in (a) and (c), respectively. Figure (a-d) shares the
same scale bar. (e) Zoom-in areas shown by the red boxes in Figure (a-d).

https://doi.org/10.6084/m9.figshare.24023799
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5. Conclusions

This study presents a novel approach for 3D SIM using a spinning disk. The spinning-disk 3D
SIM addresses limitations associated with conventional 3D SIM, such as slow imaging speed
and vulnerability to out-of-focus background. The disk generates 3D lattice illumination on
the sample and optically reconstructs the super-resolved images in real-time. This technique
achieves a high imaging speed up to 100 Hz while physically rejects 90% of the background. The
performance of this approach is demonstrated by imaging fluorescent beads and the ryanodine
receptors in a rat cardiac myocyte with a thickness of around 12 µm.
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